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® Gas component extraction. 



@ A pressure swing apparatus includes two sorp- 
tion beds (6,16), one of which extracts a component 
from an inlet gas mixture while the other bed is 
regenerated. Valves (4,7,14,17) are provided for con- 
trolling the flow of the inlet gas mixture to each of 
the sorption beds and for venting the beds during 
regeneration. Sensors (21.3.2) are provided for re- 
petitively sensing ambient pressure and the tem- 
perature and pressure of the inlet gas mixture. A 
^microprocessor 41 repeatedly samples the mea- 
^sured temperature and pressures and repetitively 
OC^Icul^t^s adsorption and purging intervals, altering 
^the adsorption and purging intervals by controlling 
^the valve actuations to respond in real time to 
lO changes in the conditions of the ambient and the 
^ inlet gas and thereby to optimize the production of a 
^product gas from an inlet gas of limited supply and 
O widely varying in temperature and pressure. The 
invention may be applied in aircraft to produce a 
m breathable gas mixture. 
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GAS COMPONENT EXTRACTION 



The present invention concerns apparatus for 
extracting one component from a gas mixture with 
sorption beds that adsorb the component and are 
regenerated after adsorbing the component. In par- 
ticular, the invention relates to alternately operating 
one sorption bed to adsorb the component and 
produce a product gas from which the component 
is extracted while regenerating a second sorption 
bed. The operation and regeneration intervals of 
the sorption beds are controlled in the invention to 
optimize the product gas output for a gas mixture 
supply. The apparatus may be advantageously em- 
ployed to produce an oxygen-enriched breathable 
gas from air for the crew of an aircraft. 

Crew members flying moderate to high altitude 
aircraft, particularly high performance military air- 
craft, must be provided with a breathable gas mix- 
ture containing a higher concentration of oxygen 
than is available from ambient air at the altitude of 
flight. Traditional aircraft breathing systems employ 
compressed gases or liquid oxygen supply carried 
aboard the aircraft from which the breathable gas is 
derived. 

in recent years, sorption techniques have been 
employed to produce a breathable gas mixture 
from ambient air. Because air at the altitudes of 
concern contains insufficient oxygen for crew mem- 
bers, sorption beds that preferentially adsorb nitro- 
gen are employed to produce the breathable mix- 
ture. Ambient air that is compressed by an aircraft 
engine or an auxiliary compressor is supplied to 
the sorption apparatus where a sorption material, 
typically a molecular sieve, preferentially adsorbs 
nitrogen while allowing oxygen and the other com- 
ponents of air. principally argon, to pass through. 
Molecular sieve sorption beds can readily produce 
a product gas containing more than 94% oxygen. 
Appropriate molecular sieve materials are commer- 
cially available, such as type 5A produced by 
Union Carbide Corporation and Bayer A.G. and 
type 13X, also available from Union Carbide Cor- 
poration. These molecular sieves are well known In 
pressure swing adsorption technology. 

In pressure swing adsorption technology, a 
sorption bed is effective in adsorbing a component 
of a gas when a gas mixture Is supplied under 
pressure to the bed. Eventually, during the opera- 
tion of the sorption bed. the bed becomes filled 
with the adsorbed component and adsorption per- 
formance declines. A sorption bed is regenerated, 
i.e., its adsorptive efficiency is restored, by releas- 
ing the gas pressure and flushing the bed, usually 
in a reverse flow direction, with some of the prod- 
uct gas produced by another bed. The reverse flow 
of oxygen encourages desorption of adsorbed ni- 



trogen. The regeneration process thus includes a 
depressurizing step and a purging step. 

The adsorption characteristics of a sorption 
bed material, i.e., the effectiveness of the adsorp- 

5 tion over time, depend upon the pressure and 
temperature of the gas mixture supplied. Likewise, 
the desorption or regeneration characteristics of a 
sorption bed depend upon the pressure within the 
bed. For a particular sorption bed material, those 

70 adsorption and regeneration characteristics can be 
determined by laboratory measurements. 

In a typical application of the apparatus provid- 
ing a breathable gas mixture for the crew of an 
aircraft, the inlet gas mixture is air, pressurized by 

75 and bled from one of the aircraft engines. This 
pressurized air is further conditioned, i.e., its tem- 
perature is reduced and aerosols {small liquid par- 
ticles) and particulates filtered out, for use in crew- 
occupied spaces on an aircraft or in the breathable 

20 gas generation system described herein. 

The quantity of bleed air available for onboard 
oxygen generation is limited. Moreover, its pres- 
sure and temperature is subject to relatively wide 
swings. In conventional apparatus, sorption beds 

25 having a capacity to accommodate the highest 
pressure/lowest temperature inlet gas situation are 
employed. While these beds can handle the maxi- 
mum expected inlet gas mixture flow rate, much of 
the time the beds are not being fully used. The 

30 excess capacity means that those beds are rela- 
tively large and heavy, both critical disadvantages 
in an aircraft application. 

Therefore, it would be desirable to provide a 
sorption bed apparatus and method that respond to 

35 changes in inlet gas temperature and pressure to 
optimize the performance of sorption beds. By 
responding to inlet gas condition changes, the size 
and weight of the beds could be reduced, while the 
performance of the smaller beds in the production 

40 of product gas from a limited supply of inlet gas is 
optimized. 

The present invention provides for a relatively 
small and lightweight apparatus for extracting one 
component from an inlet gas mixture to produce a 
45 product gas mixture. 

The invention also provides for an apparatus 
for maximizing the efficiency of a sorption appara- 
tus so that an optimum quantity of a product gas 
can be derived from a limited supply of an inlet 
60 gas, over a wide range of iniet gas conditions. 

The invention further provides for an apparatus 
for extracting a component from a gas mixture 
employing sorption beds wherein the intervals of 
adsorption and purging during regeneration of the 
beds are determined and controlled based on the 
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conditions of the inlet gas. ambient pressure, and 
the adsorption and desorption characteristics of the 
sorption bed material in order to optimize product 
gas production. 

The invention also provides for repeated sam- 
pling of the conditions of the inlet gas, and of the 
ambient pressure, correspondingly determining and 
changing the intervals of adsorption and purging to 
optimize the production of a product gas to meet or 
exceed an established quality standard. 

In one embodiment of the invention, at least 
two sorption beds are provided, each of which 
includes an inlet and outlet for the flow of gas 
therethrough and a respective inlet and vent valve 
connected at the inlet of each bed. Sensors are 
provided for measuring ambient pressure and the 
temperature and pressure of the inlet gas supplied 
to the inlet valves. The apparatus includes a control 
unit that responds to the measured ambient pres- 
sure and temperature and pressure of the inlet gas 
and that, from knowledge of the characteristics of 
the sorption bed material determines adsorption 
and purging intervals for the bed that optimize 
product gas output. The control unit actuates the 
inlet and vent valves so that one bed is operational 
and produces a desired product gas while the other 
sorption bed is being regenerated at relatively low 
pressure with a backward flow of product gas in a 
variable quantity determined by the control unit. In 
a preferred embodiment, the control unit comprises 
a microprocessor that repetitively samples the inlet 
gas conditions and the ambient pressure, deter- 
mines optimum current adsorption and purge Inter- 
vals, and implements the currently determined In- 
tervals. 

The present invention provides for an appara- 
tus for extracting a component from a gaseous 
mixture comprising: <a) first and second sorption 
beds, each bed having an inlet for admitting gas 
and an outlet for discharging gas, said beds for, in 
an operating condition, adsorbing a component 
from an inlet gas mixture and supplying as a prod- 
uct gas the mixture from which the component has 
been adsorbed, and for, in a regenerating con- 
dition, desorbing the adsorbed component; (b) an 
inlet conduit for supplying the inlet gas mixture to 
said inlets of said first and second beds; (c) first 
and second inlet valves connected between said 
inlet conduit and said inlets of said first and second 
beds, respectively, for selectively admitting the in- 
let gas mixture to said first and second beds: (d) 
first and second vent valves in fluid communication 
with said first and second beds, respectively, for 
venting said first and second beds to the ambient: 
(e) means for admitting product gas from one bed 
in an operating condition to the other bed in a 
regenerating condition to purge said other bed: (f) 
first and second sensors in fluid communication 



with said inlet conduit for sensing the pressure and 
temperature, respectively, of the inlet gas mixture 
supplied to said first and second inlet valves: (g) a 
third sensor for sensing ambient pressure proxl- 

5 mate said first and second beds; and (h) control 
means, storing the sorption characteristics of said 
first and second beds as a function of ambient 
pressure and the temperature and pressure of the 
inlet gas mixture, for determining. In response to 

10 said first, second, and third sensors and the sorp- 
tion characteristics of said first and second beds, 
intervals for adsorption by and purging of said first 
and second beds and for actuating said first and 
second inlet and vent valves for cycling said first 

75 and second beds between operating and regener- 
ating conditions in accordance with the determined 
adsorption and purging intervals to optimize the 
production of product gas for the sensed inlet gas 
mixture and ambient conditions. 

20 The present invention also provides for an ap- 

paratus for supplying a breathable gas mixture to 
aircraft crew members from compressed air com- 
prising: (a) first and second sorption beds, each 
bed having an inlet for admitting air and an outlet 

25 for discharging air, respectively, said beds for. in 
an operating condition, adsorbing nitrogen from air 
and supplying an oxygen-enriched mixture as a 
product gas, and for. in a regenerating condition, 
desorbing adsorbed nitrogen from said beds; (b) an 

30 inlet conduit for supplying the inlet gas mixture to 
said inlets of said first and second beds; (c) first 
and second inlet valves connected between said 
inlet conduit and said inlets of said first and second 
beds, respectively, for selectively admitting air to 

35 said first and second beds; (d) first and second 
vent valves in fluid communication with said first 
and second beds, respectively, for venting said first 
and second beds; (e) means for admitting product 
gas from one bed In an operating condition to the 

40 other bed in a regenerating condition to purge said 
other bed; (f) first and second sensors in fluid 
communication with said Inlet conduit for sensing 
the pressure and temperature, respectively, of the 
air supplied to said first and second inlet valves: (g) 

45 a third sensor for sensing ambient pressure proxi- 
mate said first and second beds; and (h) control 
means, storing the sorption characteristics of said 
first and second beds as a function of ambient 
pressure and the temperature and pressure of the 

50 air, for determining, in response to said first, sec- 
ond, and third sensors and the sorption characteris- 
tics of said first and second beds. Intervals for 
adsorption by and purging of said first and second 
t)eds and for actuating said first and second inlet 

55 and vent valves for cycling said first and second 
beds between operating and regenerating condi- 
tions in accordance with the determined adsorption 
and purging Intervals to optimize the production of 
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product gas for the sensed inlet air and ambient 
conditions. 

Tl-ie present invention furtlier provides for a 
method of optimizing the production of a product 
gas mixture in a pressure swing apparatus includ- 
ing two regenerable sorbent beds from an inlet gas 
mixture from which the sorbent beds extract a 
component to produce the product gas mixture 
comprising: (a) extracting a component from a 
pressurized inlet gas mixture by passing it through 
a first sorbent bed during an adsorption interval 
thereby producing a product gas mixture; (b) re- 
generating a second sorbent bed during the ad- 
sorption interval of the first sorbent bed including 
passing a quantity of the product gas from the first 
sorbent bed through the second sorbent bed In a 
reverse direction during a purging interval while the 
second sorbent bed is vented to the ambient; (c) 
alternating the first and second beds between ad- 
sorption and regeneration operations; (d) sensing 
the ambient pressure and the temperature and 
pressure of the pressurized inlet gas mixture; (e) 
determining from the sensed ambient pressure and 
the temperature and pressure of the pressurized 
inlet gas mixture and from the sorption characteris- 
tics of the sorbent beds the length of adsorbing 
and purging intervals that optimize the production 
of product gas; and (f) adjusting the adsorption and 
purging intervals of the first and second . sorption 
beds to the respective determined intervals that 
optimize the production of product gas. 

Figure 1 is a schematic diagram of a gas 
component extraction apparatus in an embodiment 
of the invention. 

Figure 2 is an electrical schematic diagram 
of a control unit in an embodiment of the invention. 

Figure 3 is a valve sequencing chart in an 
embodiment of the invention. 

Rgure 4 is a block diagram illustrating a 
particular application of the Invention. 

The invention is described with reference to 
certain preferred embodiments without limiting the 
scope of the invention. In all figures, like elements 
are given the same reference numbers. The fore- 
going and following description places particular 
emphasis upon using the invention in aircraft for 
producing an oxygen-enriched, breathable gas mix- 
ture. However, the invention is not limited to that 
environment and may be employed in other ap- 
plications such as sorption bed drying. 

Turning to Figure 1, an embodiment of an 
apparatus of the invention is shown in a block 
diagram, schematic form. That apparatus includes 
an inlet conduit 1 through which a pressurized inlet 
gas mixture is supplied to the apparatus. That 
mixture may be conditioned bleed air from, an 
aircraft engine. The bleed air may be conditioned 
by drying, filtering, and/or other steps before being 
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supplied to conduit 1. The pressure and tempera- 
ture of the gas applied through conduit 1 are re- 
spectively sensed by a pressure sensor 2 and a 
temperature sensor 3. Those sensors are of con- 

5 ventional construction and produce analog elec- 
trical signals as indications of the gas mixture pres- 
sure and temperature. Pressure sensor 2 is a con- 
ventional strain gauge type semiconductor pres- 
sure sensor. Temperature sensor 3 may be a resis- 

10 tance temperature detector (RTD). 

The conduit 1 divides into two identical legs. In 
one of them, an inlet valve 4, preferably a pneu- 
matically piloted solenoid actuated diaphragm 
valve, controls the flow of the inlet gas to an inlet 5 

75 of a sorption bed 6. A vent valve 7 is also con- 
nected to the inlet 5 of sorption bed 6 for venting 
the bed during the regeneration process. Valve 7 is 
also preferably a pneumatically piloted, solenoid 
actuated diaphragm valve. During the adsorption 

20 operation of bed 6. valve 4 is open and valve 7 is 
closed. Inlet gas flows into bed 6 through inlet 5 
and product gas flows out through an outlet 8. 
Outlet 8 is connected through a check valve 9 to a 
reserve tank 12 containing a volume of the product 

25 gas. Check valve 9 allows gas to flow from bed 6 
to tank 12, but prevents backflows into bed 6 
through outlet 8. A bypass 10 containing a flow 
restricting element, such as an orifice, is pneumati- 
cally connected in parallel with check valve 9. 

30 Bypass 10 allows a restricted flow of product gas 
into and out of sorption bed 6 through outlet 8 and 
is used in the regeneration of bed 6 as described 
below. 

The sorption bed arrangement in the lower half 

35 of Rgure 1 is identical to that in the upper half. 
Like elements are identified by similar reference 
numerals increased by ten. An Inlet valve 14 selec- 
tively supplies the inlet gas mixture to inlet 15 of 
sorption tied 16. A vent valve 17 connected to inlet 

40 15 is employed in the regeneration of bed 16. Bed 
16 includes an outlet 18 connected to a check 
valve 19. The product gas generated by sorption 
bed 16 is supplied through check vaive 19 to tank 
12. A bypass 20 containing a flow restricting ele- 

45 ment is pneumatically connected in parallel with 
check valve 19 to allow a backfiow of product gas 
to sorption bed 16 while that bed is being regener- 
ated. Tank 12 functions as a reservoir and also 
smoothes surges in the pressure of the product 

so gas that may be produced, for example, when a 
bed is taken out of adsorption service to be regen- 
erated. Tank 12 includes an outlet conduit for 
transporting the product gas to other devices, such 
as regulators and/or breathing masks for aircraft 

55 crew members. 

The arrangement of Figure 1 is highly sche- 
matic and drawn to aid understanding of the inven- 
tion. Sorption beds 6 and 16 need not be geometri- 

4 



EP 0 375 220 A1 



cally identical nor spaced apart. For example, 
those beds could be mounted concentrically in 
separate, adjacent chambers, as described in pub- 
lished European Patent Application No. 
86308779.7. Publication No. 0 225 736. 

In addition to the sensors and valving for the 
inlet and product gas, a pressure sensor 21 for 
measuring the ambient pressure is provided. Like 
sensor 2. pressure sensor 21 is preferably a con- 
ventional strain gauge type semiconductor pres- 
sure sensor. 

The apparatus of Figure 1 includes a control 
unit 22 that is in electrical communication with 
sensors 2, 3. and 21 as well as with the solenoids 
that actuate valves 4, 7. 14, and 17. (The dashed 
lines of Figure 1 indicate electrical connections 
while the solid lines indicate fluid connections.) 
Control unit 22 receives the electrical signals from 
the sensors and employs them in calculations for 
controlling the adsorption and regeneration oper- 
ations of the sorption bed apparatus. Control unit 
22 responds by actuating valves 4, 7. 14, and 17, 
opening or closing them in the course of a gas 
component extraction process. 

Beds 6 and 16 operate together in a cycle of 
variable duration. During one part of the cycle bed 
6 is operational, adsorbing a gas component and 
producing product gas. During a different part of 
the cycle bed 16 is adsorbing and producing prod- 
uct gas. That is, one bed is in service during part 
of the cycle and during that part of the cycle the 
other bed is off-line. During part of the time a bed 
is offline, it is regenerated by being depressurized, 
i.e.. exposed to ambient pressure, and product gas 
is allowed to purge it by flowing through the bed in 
a backward direction, i.e., into the outlet and out 
through an opened vent valve. The backward flow 
of product gas aids the desorption by the bed of 
the adsort)ed gas component to complete the re- 
generation process. Regeneration of an offline bed 
may begin immediately after a bed is taken out of 
service or may be delayed for an interval after the 
inlet valve to the bed has been closed. The dura- 
tion of the cycle, the variable adsorption intervals of 
the beds, the variable regeneration intervals, and 
the timings of the intervals are determined and 
implemented by control unit 22 in response to 
sensed data and stored adsorption and regenera- 
tion characteristic data. 

At one point in an operation, bed 6 may be 
adsorbing. Valve 4 is open and valve 7 is closed so 
that an inlet gas mixture is supplied to bed 6 where 
one component of the gas mixture is being ad- 
sorbed. The product gas flows through check valve 
9 toward tank 12. At the end of the adsorption 
interval of bed 6. as determined by control unit 22. 
valve 4 is closed. Subsequently, valve 7 is opened 
to vent. i.e.. depressurize bed 6. Bed 6 reaches a 



pressure at or near that of the ambient. That pres- 
sure may be below atmospheric when valve 7 is 
vented at a high altitude. Atx)ut the same time that 
bed 6 is taken out of service, bed 16 is put into 

5 operation by the opening of valve 14 and k)egins 
adsorbing a component of the inlet gas mixture. 
The product gas bed 16 produces flows to tank 12 
through check valve 19. After depressurization of 
bed 6. some of the product gas flows through 

10 bypass 10 and through bed 6. in a direction op- 
posite the flow during adsorption, and out open 
valve 7. That reverse flow of purging gas occurs 
because of the high pressure of the product gas 
compared to the ambient beyond open valve 7. 

T5 The flowing product gas purges adsorbed gas from 
bed 6. Thus, the regeneration process includes a 
depressurization step followed by a purge step. At 
the conclusion of the purge step, valve 7 is closed. 
If bed 16 continues to produce product gas before 

20 bed 6 is brought back into operation, that product 
gas pressurizes bed 6 through bypass 10. Even- 
tually, bed 16 is taken out of adsorption service for 
regeneration by the closing of valve 14 and bed 6 
is placed back into adsorbing operation by opening 

25 valve 4. All of these actions in one cycle are 
implemented by control unit 22. 

Besides receiving the sensor signals, control 
unit 22 also stores the characteristics of the sor- 
bent material employed in sorption beds 6 and 16. 

30 Control unit 22 includes a calculational capability 
for predicting the performance of the sorbent beds 
while adsorbing a component of a gas mixture 
under pressure and for predicting the degree of 
regeneration of the beds when depressurized and 

35 purged. These calculations are made based upon 
the information provided to control unit 22 by sen- 
sors 2. 3, and 21 and the stored sorption bed 
characteristics. Most preferably, control unit 22 in- 
cludes a microprocessor and associated program- 

40 mable read-only memories. 

In Figure 2, an arrangement of a microproces- 
sor 41. associated sensors 2, 3, and 21. a fre- 
quency control 43. memories 45 and 47, and 
valves 4, 7, 14. and 17 with associated buffers and 

45 pneumatic controls 49-56 is schematically shown. 
Microprocessor 41 may be a conventional, com- 
mercially available microprocessor such as an Intel 
8097. That type of microprocessor is particularly 
advantageous because it includes an eight channel 

50 multiplexer and a successive approximation analog- 
to-digital converter so that the multiple analog sig- 
nals provided by the various sensors are easily 
converted to a digital format. In addition, micropro- 
cessor 41 linearizes the response of the sensors. 

55 The clock rate of the microprocessor is controlled 
by an external frequency control, shown as a cry- 
stal 43. for controlling the frequency of the basic 
oscillator within the microprocessor. Memory 45 is 
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a programmable read-only memory (EPROM) for 
storing the program executed by microprocessor 
41. The adsorption and regeneration characteristics 
of the sorption bed material as a function of am- 
bient pressure and inlet gas mixture pressure and 
temperature are stored in memory 45 for use in the 
valve control calculations carried out by micropro- 
cessor 41. Memory 47 is a static random access 
memory including an electrically erasable program- 
mable read-only memory (RAM/EEPROM) in which 
calibration data for the sensors and fault code 
information are stored. Memory 47 also provides a 
scratch pad for computations. 

As a result of the calculations performed by 
microprocessor 41 employing stored and sensed 
information, valves 4, 7, 14, and 17 are actuated to 
carry out the desired product gas production pro- 
cess. These valves typically employ solenoids that 
admit air to a diaphragm to actuate the valve. As 
indicated in Figure 2. output signals generated by 
microprocessor 41 are passed to buffer amplifiers 
49, 50. 51. and 52. respectively, and thereafter to 
solenoid coils 53. 54, 55. and 56. respectively. 
Those solenoids admit pressurized air to actuate 
valves 4. 7, 14, and 17 of the preferred construc- 
tion. In addition, microprocessor 41 includes a 
built-in test program for determining the proper 
operation of the electronics each time power is 
applied to the microprocessor and for periodically 
monitoring the status of the sensors. For example, 
when a sensor produces a signal that is outside a 
reasonable range, the sensor is assumed to have 
failed. The microprocessor then ignores the sensor 
signal and substitutes a worst case, extreme value 
as the sensor signal. This response ensures contin- 
ued production of product gas, but at a reduced 
effi ciency. It a catastrophic failure is detected, the 
program defaults to a predetermined status for the 
valves. In either case, a status signal is produced 
and supplied to an Indicator 57 as a warning of the 
existence of a failure and, possibly, its severity. 
Warning 57 may be a light that is illuminated upon 
the occurrence of a failure, in addition, a fault code 
is stored in a non- volatile memory for subsequent 
identification of the source of the failure. In the 
latter event, in the course of regular maintenance of 
the apparatus, the fault code discloses the ab- 
normality that has occurred so that appropriate 
maintenance procedures can be carried out. Prefer- 
ably, a catastrophic failure provides an immediate 
warning so that action can be taken. For an aircraft, 
the needed action may be switching to a backup 
supply of breathable air or a descent to an altitude 
where the oxygen content of the ambient air is 
acceptable. 

Figure 3 is a flow diagram illustrating a valve 
operating sequence consisting of steps 60 through 
75. An adsorption process for a first bed begins at 



3DOC>D: <EP _0375220A1 I > 



Step 60 where the inlet valve is open and ends at 
step 66 where that inlet valve is closed. In between 
those steps, there is a variable length delay 100 at 
step 61 after which the regeneration process for 

5 the second bed begins with the opening of its vent 
valve in step 62. That valve remains open during a 
purging interval 63 and is closed in step 64. During 
this purging interval, the first bed is continuing to 
adsorb a gas component. That adsorption contin- 

10 ues until the expiration of the delay interval of step 
65. namely, the total adsorption interval less the 
sum of the purge interval and the initial delay of 
step 61. A further delay 200 takes place between 
the adsorption operations of the first and second 

15 beds at step 67. Certain of the delays are num- 
bered In Figure 3 for identification, but those iden- 
tifying numbers are no indication of the duration of 
the delays. In fact, in accordance with the inven- 
tion, all of the delays are variable in duration and 

20 the durations are determined by control unit 22 as 
hereinafter described to optimize performance. 

After the completion of a variable length delay 
200 in step 67, the sequence of steps 60-66 are 
repeated as steps 68-74, but with the first and 

25 second beds interchanged. Thereafter, at step 75 
after a delay corresponding to the delay of step 67, 
the sequence returns to step 60 and is repeated, in 
this preferred valve sequencing operation, calcu- 
lated changes in the optimum adsorption and 

00 purge Intervals based on updated information on 
the pressure and temperature of the inlet gas mix- 
ture can be implemented at the end of any delay 
interval. That is, at the beginning and end of the 
various steps, control unit 22 can make adjust- 

35 ments in the timing of the valve sequencing to 
ensure optimum production of product gas in the 
adsorption/regeneration cycle. Other valving se- 
quences can be employed. For example, while 
Figure 3 shows sequential adsorption intervals for 

40 the separate beds, in some situations the adsorp- 
tion intervals could overlap in time. In that case, for 
example, delay 200 in the Figure 3 flow chart 
would be negative. 

The operation of the valves under the control of 

45 unit 22 ensures that the optimum quantity of prod- 
uct gas is generated when the inlet gas is subject 
to relatively wide swings in temperature and pres- 
sure and when its quantity is limited. For example, 
in an application in an aircraft, the nominal average 

50 quantity of compressed air available as a bleed gas 
from an engine may be limited to 0.68 kg/min (1.5 
Ibs/min). It is therefore of substantial importance 
that an optimum quantity of a breathable gas mix- 
ture be produced from a limited quantity, highly 

55 variable source. That result is achieved in the in- 
vention by controlling and changing the adsorption 
and purge intervals in response to changes in 
ambient pressure and in the pressure and tempera- 

6 




ture of the inlet gas mixture. 

In various applications of the invention, dif- 
ferent tests can be applied in determining the ad- 
sorption and purging intervals depending upon the 
mode of operation. Two examples of operational 
modes, both for producing breathable air for air- 
craft crews, are described below. In the first exam- 
ple, it is assumed that the product gas flowing out 
of the sorption beds is supplied directly to the crew 
members without dilution. In order to meet crew 
needs, the product gas must contain at least a 
specified oxygen content and be provided at a 
specified minimum flow rate. That oxygen content 
is expressed in terms of a partial pressure of 
oxygen which, for example, may be 200 mm Hg 
and a typical minimum flow rate may be 100 stan- 
dard liters per minute (sipm). In order to select the 
appropriate adsorption and purge intervals to be 
employed at any particular time, time intervals to, 
ti. t2. t*. and ts are repeatedly calculated by the 
control unit in response to repeated measurements 
of the ambient pressure and of the conditions of 
the inlet gas. Time interval t3 is also employed in 
determining the appropriate adsorption and purging 
intervals. 

to is the minimum adsorption interval. In each 
cycle of the apparatus a certain amount of the inlet 
gas is wasted, i.e., none of it becomes product gas. 
For example, when one bed is taken offline it 
contains a quantity of inlet gas. When that bed is 
vented, the inlet gas flows out without having pro- 
duced product gas. A shorter cycle time means 
more frequent valve operation, including venting, 
and more lost, i.e., unused, inlet gas. That is, more 
gas is consumed, both in producing product gas 
and in waste, as the cycle time is shortened. When 
the quantity per unit time of inlet gas is limited, at a 
certain adsorption interval, to, all of the inlet gas 
that is allocated to the extraction apparatus is con- 
sumed. Therefore, the adsorption interval, i.e., the 
duration of adsorption service by each bed in one 
cycle, cannot be shorter than to. 

t; is the purging interval required to purge a 
bed with a quantity of product gas that exceeds the 
minimum purging quantity required for efficient re- 
generation by a predetermined excess amount, 
e.g., 20 percent, plus the time needed for operating 
the valves. ti fixes the minimum time interval for 
adsorption by one bed while another bed is being 
purged with the specified excess over the mini- 
mum quantity of product gas necessary for efficient 
regeneration. Regeneration efficiency depends 
upon the pressure swing of the beds, here the 
difference between the inlet gas pressure and the 
ambient pressure, and the quantity of purging gas 
that flows. The purging gas flow rate is a function 
of inlet pressure. Thus, the purging interval deter- 
mines the quantity of purging gas that flows. Con- 



trol unit 22 can calculate the purging interval, tak- 
ing into account the required quantity of purge gas, 
from the stored bed characteristics and sensed 
pressures, that restores a bed to a specified de- 
5 gree of adsorption performance. As used here, the 
term efficient regeneration refers to purging that is 
just sufficient to restore a bed to that specified 
degree of adsorption performance. 

ta is the adsorption interval that will produce a 
10 sufficient quantity of product gas to purge the 
offline regenerating bed with a specified excess 
quantity of product gas, e.g., 1.2 times the mini- 
mum quantity of product gas needed for efficient 
regeneration, and simultaneously produce product 
75 gas containing a minimum specified partial pres- 
sure of a desired component at a specified mini- 
mum flow rate. t2 establishes an upper. limit for the 
adsorption interval. 

t3 is the minimum adsorption interval allowable. 
20 The minimum allowable adsorption interval is fixed 
for a particular apparatus configuration and may 
be. for example, about 3 seconds. Different values 
of t3 apply to different apparatus configurations. 
t4 is the interval required to purge a regenerat- 
25 ing bed with the minimum quantity of product gas 
for efficient regeneration plus the time needed for 
operating the valves. t4 is similar to ti except that 
the minimum quantity of product gas for efficient 
regeneration is assumed in calculating t4. rather 
30 than the excess that is assumed in calculating ti . 

ts is the adsorption interval that will produce a 
sufficient quantity of product gas to purge the 
offline regenerating bed with the minimum quantity 
of product gas necessary for efficient regeneration 
35 and simultaneously produce product gas with the 
minimum specified partial pressure of a desired 
component at the specified minimum flow rate, ts 
establishes an upper limit for adsorption interval. 
Time intervals to. ti . tz. t*. and ts are calculated 
40 in control unit 22 by retrieving the stored sorbent 
bed material characteristics which are a function of 
the ambient pressure and the temperature and 
pressure of the inlet gas. Those characteristics 
predict the quantity and quality of the product gas 
45 that is produced for various ambient pressures and 
inlet gas conditions, taking into account the geome- 
try and the size of the particular sorbent beds 
employed. Those characteristics allow the calcula- 
tion of the time intervals to, tt. ts. t*. and'ts, taking 
50 into account the declining efficiency of the sorbent 
material as the adsorption process is carried out 
and the effectiveness of the regeneration process. 
Thus, the length of the adsorption interval can be 
chosen based upon a computation that shortens or 
55 lengthens that interval so that the optimum quantity 
of acceptable quality product gas is obtained. In 
the invention, control unit 22 automatically and 
repetitively determines the adsorption and purge 
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intervals based on each set of calculated values for 
to. ti. t2. t4.. and ts, and t3 to optimize product gas 
production. In the determinations, t^ and ts are 
used at extreme operating conditions (i.e.. low inlet 
gas pressure, high inlet gas temperature, high am- 
bient pressure) where the difficulty in obtaining the 
required performance is the greatest. 

The choice of the adsorption interval Is made 
based upon the calculated value of t2. the maxi- 
mum adsorption interval when an extended purge 
can be carried out during regeneration. That choice 
is desirable to obtain superior adsorption perfor- 
mance. Interval Xz is calculated, as described 
above, based upon the characteristics of the inlet 
gas supply to the apparatus for extraction of a 
component. If that value, t2. is greater than or equal 
to the maximum of to. ti, and ta, then an adsorption 
interval of that length will provide an operational 
cycle and ta is chosen as the adsorption interval. 
That choice means that one bed can adsorb a 
component from the inlet gas while another bed 
completes an entire regeneration process including 
purging with an excess quantity of product gas. In 
that case, the purge portion of the regeneration 
process is set equal to ti less the valve opening 
and closing times. If ta Is not greater than or equal 
to the maximum of b, ti. and ta. then the control 
unit establishes as the adsorption interval the maxi- 
mum of t3, t4. and ts. This selection assures that 
the adsorption interval at least equals the minimum 
allowable interval and. if possible, sets the adsorp- 
tion interval to exceed the purge interval when the 
minimum quantity of product gas for efficient re- 
generation is employed in the purge. In this case, 
the purge interval is set equal to ti less the valve 
opening and closing time. 

The foregoing example concerns, for an ap- 
plication for the crew of an aircraft, the supplying of 
a breathable gas directly to the crew members. 
When inlet gas supply and conditions permit the 
production of an excess quantity of product gas. 
that excess product gas can be stored in a reser- 
voir for later use while the remainder of the cur- 
rently produced product gas is supplied to crew 
members. Whether the product gas can be stored 
also depends upon its pressure, the pressure of the 
gas already stored in the reservoir, and the quality 
of the product gas. In this example, a diluting 
regulator is usually employed that dilutes the prod- 
uct gas so that a gas mixture of desired concentra- 
tion reaches the crew members. 

In this second example, intervals to through ts 
are initially calculated. Intervals to, ti. ts, and t* 
have the same definitions as the corresponding 
intervals in the first example. Intervals ti and U are 
calculated in the same way as the corresponding 
times described above for the first example. In this 
example, in which the product gas may charge a 



reservoir and is diluted to provide a breathable gas 
mixture, the time t2 is different from that of the 
preceding example. In this second example, a re- 
quired minimum flow rate to the diluting regulator 
5 of an assumed minimum quality, e.g., 93% oxygen 
content, and to the reservoir are specified. These 
desired flows are used to calculate an interval t2, 
which is an adsorption interval that produces the 
desired flow assuming that an excess volume of 

10 product gas is employed in purging regenerating 
beds. In a specific example. 120 percent of the 
minimum quantity of product gas necessary for 
efficient regeneration of a bed is employed to 
purge a regenerating bed. The calculated value of 

15 t2 is thus the maximum adsorption interval for a 
single bed while the reservoir is being charged. An 
interval ts is calculated as the adsorption interval 
when the required flow rate is provided to the 
diluting regulators, but without charging the reser- 

20 voir, assuming that an excess quantity of product 
gas over that required for efficient regeneration is 
employed in purging a regenerating sorption bed. 
This interval ts is the maximum adsorption interval 
when the reservoir Is not being filled. An interval ts 

25 is also calculated which is similar to ts, except that 
the purge step of the regeneration process em- 
ploys only the minimum needed volume of product 
gas to purge a regenerating bed efficiently. 

Because this second example includes the ad- 

30 dttional option of charging a reservoir, the deter- 
mination of an adsorption interval from the intervals 
to through te is more complicated than in the first 
example. A sensor for measuring the pressure of 
the product gas flowing from the beds and another 

35 sensor for measuring the pressure of the product 
gas in the reservoir may be needed. That pressure 
information is important in the selection of the 
adsorption and purging intervals. However, since 
those sensors (which are not shown in Figure 1) 

40 measure pressure directly, they do not increase the 
complexity of the apparatus excessively. 

If t2, an adsorption time when the reservoir is 
being charged and excess purge quantities are 
employed, is greater than or equal to the maximum 

45 of to, ti. and ta. and the pressure in the reservoir is 
less than the pressure of the product gas, then t2 Is 
chosen as the adsorption interval. The purge inter- 
val is then chosen equal to ti less the valve switch- 
ing time. In this mode of operation, the reservoir 

so can be filled. If, on the other hand, t2 is not at least 
equal to the maximum of to, ti. and ta, or the 
pressure of the product gas does not exceed the 
pressure in the reservoir, a secondary test is ap- 
plied. If ts is greater than or equal to the maximum 

55 of to, ti, and ta, then sufficient product gas can be 
produced to supply breathing needs, even though 
there may not be sufficient excess product gas to 
charge the reservoir. The adsorption interval is then 
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established as ts and the purge interval is estab- 
lished at ti minus the valve switching time, the 
same purge interval as in the prior situation of this 
second example. Both of the foregoing situations 
assume purging with an excess quantity of product 
gas. If ts is not at least equal to the maximum of to. 
ti. and ta, then an adsorption interval of ts will not 
provide a workable cycle. In that case, to optimize 
product gas production, only the minimum quantity 
of product gas is used in the purging step. The 
adsorption interval is thus set equal to the maxi- 
mum of to, t4, and ts. As in the first example, this 
cycling anrangement ensures that the regeneration 
process takes no more time than the adsorption 
process. In this third situation, the purge interval is 
set to t* less the valve switching time. In this third 
and default option of the second example, the 
product gas reservoir cannot be filled. 

The two examples described do not exhaust 
the methods of applying the invention. However, 
those examples demonstrate the utilization of the 
sorption beds with a limited and highly variable 
supply of the inlet gas mixture to maximize the 
efficiency of the sorption process and optimize the 
production of product gas even at extreme air and 
gas pressures and temperatures. While the two 
examples have each explained a single determina- 
tion of an adsorption interval, the calculations and 
determinations are made repetitively in real time in 
the apparatus. For example, ambient pressure and 
the temperature and pressure of the inlet gas mix- 
ture may be measured twenty times per minute 
with corresponding determinations of optimized ad- 
sorption and purge intervals. The intervals actually 
employed are changed, usually at the end of a 
valve state change, to continually optimize bed 
efficiency and product gas generation. The two 
examples have also described apparatus employ- 
ing two sorption beds that are altematively op- 
erated and regenerated. The invention can also be 
applied to apparatus including more than two sorp- 
tion beds. 

Because the invention responds to changes in 
ambient pressure and the temperature and pres- 
sure of the inlet gas, its product gas production is 
optimized. That is, for particular capacity beds, the 
maximum possible quantity of product gas can be 
produced. Bed capacity need not be chosen to be 
large enough to handle the maximum expected 
inlet gas mixture flow. Instead, smaller, lighter beds 
can be employed to produce quantities of product 
gas that are comparable to those produced by 
much larger beds. This result can be achieved 
because, at large inlet gas mixture flows, the ad- 
sorption interval and cycle time are shortened, 
pressing the beds to perform at their maximum 
adsorption rates. At lower inlet gas flow rates, the 
adsorption interval is lengthened. Again, the beds 



are pressed to maximum performance for the con- 
ditions, but- with emphasis on longer adsorption 
intervals rather than on maximum adsorption rates. 
Application of the novel apparatus and method 

5 may require auxiliary equipment. Figure 4 shows a 
block diagram of the invention used in a breatiiable 
air supply system for an aircraft crew. This system 
includes two breathing masks (not shown) each of 
which is fed by a separate breathing regulator 78. 

10 Breathing regulators 78 supply product gas directly 
to the masks or mix the product gas with a diluting 
gas depending upon the selected op)erational 
mode. At the inlet side of the apparatus, a filter 80 
is employed to remove aerosols and particulates 

75 from air, In this case conditioned air bled from the • 
engine of the aircraft. The filtered gas mixture is 
supplied to a concentrator 82. which is the dual 
bed sorption apparatus described in detail above. 
The product gas is supplied to a particulate filter 

20 84 which removes any particles of the sorption t)ed 
that are carried from the bed by the flowing gas. 
The flowing product gas is delivered to a reservoir 
valve 86 which controls the flow of product gas into 
and out of a reservoir 88. Reservoir 88 provides a 

25 backup supply of product gas to supplement or 
supplant the product of concentrator 82, if neces- 
sary. 

An oxygen monitor 90 may be employed to 
monitor the quality of the product gas being sup- 

30 plied to the breathing regulator 78. That oxygen 
purity information is supplied to control unit 92 
which comprises the microprocessor and associ- 
ated circuitry described above. The dashed lines in 
Rgure 4 indicate electrical connections for sup- 

35 plying information to control unit 92 and for control- 
ling the various valves. Thus, control unit 92 can 
determine the pressure in reservoir 88 and the 
purity and pressure of the product gas to deter- 
mine whether product gas can be added to tiie 

40 reservoir or should be withdrawn from it to supple- 
ment other product gas being produced. Likewise, 
the control unit 92 may actuate breathing regula- 
tors 78, possibly in response to crew member 
choices, so that product gas is supplied directly to 

45 the masks or is mixed with a diluting gas mixture. 
Control unit 92 also includes a system failure warn- 
ing indicator 94. such as a light, to warn the crew 
of a catastrophic failure of the system requiring 
descent of tiie aircraft to an altitude where breatiia- 

50 ble air Is available before the product gas stored in 
reservoir 88 is exhausted. 

The invention has been described with respect 
to certain preferred embodiments. Various modi- 
fications and additions will occur to those of skill in 

55 the art. Accordingly, the scope of tine invention is 
limited solely by the following claims. 
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Claims 

1 . An apparatus for supplying a breathable gas 
mixture to aircraft crew members from compressed 
air comprising: 

first and second sorption beds (6.16). each bed 
having an inlet (5,15) for admitting air and an outlet 
(8,18) for discharging air. respectively, said beds 
for. in an operating condition, adsorbing nitrogen 
from air and supplying an oxygen-enriched mixture 
as a product gas, and for, in a regenerating con- 
dition, desorbing adsorbed nitrogen from said 
beds; 

an inlet conduit (1) for supplying the inlet gas 
mixture to said inlets (5.15) of said first and second 
beds (6,16); 

first and second inlet valves (4,14) connected be- 
tween said inlet conduit (1) and said inlets (5.15) of 
said first and second beds (6,16). respectively, for 
selectively admitting air to said first and second 
beds (6.16); 

first and second vent valves (7,17) in fluid commu- 
nication with said first and second beds (6,16). 
respectively, for venting said first and second beds 
(6,16); 

means for admitting (9.10,19.20) product gas from 
one bed in an operating condition to the other bed 
in a regenerating condition to purge said other bed; 
first and second sensors (2.3) in fluid communica- 
tion with said inlet conduit (1) for sensing the 
pressure and temperature, respectively, of the air 
supplied to said first and second inlet valves (4,14); 
a third sensor (21) for sensing ambient pressure 
proximate said first and second beds (6.16); and, 
control means (22). storing the sorption characteris- 
tics of said first and second beds (6,16) as a 
function of ambient pressure and the temperature 
and pressure of the air. for determining, in re- 
sponse to said first, second, and third sensors 
(2.3.21) and the sorption characteristics of said first 
and second beds (6,16), intervals for adsorption by 
and purging of said first and second beds (6,16) 
and for actuating said first and second inlet and 
vent valves (4.14,7,17) for cycling said first and 
second beds (6,16) between operating and regen- 
erating conditions in accordance with the deter- 
mined adsorption and purging intervals to optimize 
the production of product gas for the sensed inlet 
air and ambient conditions. 

2. The apparatus of claim 1 wherein said con- 
trol. means (22) comprises a microprocessor (41). 

3. The apparatus of claim 2 wherein said con- 
trol means (22) includes memory means (45) ac- 
cessible by said microprocessor (41) for storing the 
adsorption and desorption characteristics of said 
first and second beds (6.16) as a function of pres- 
sure and temperature. 

4. The apparatus of claim 1 wherein said 



means for admitting (9,10.19.20) product gas com- 
prises first and second check valves (9.19) con- 
nected to outlets (8.18) of said first and second 
sorption beds (6,16). respectively, and first and 
5 second flow restricting bypass means (10,20) 
pneumatically connected across said first and sec- 
ond check valves (9.19). respectively. 

5. The apparatus of claim 1 including means 
for testing said sensors and control means for 

10 failures. 

6. The apparatus of claim 5 including a fault 
status indicator (57) for indicating a failure in said 
sensors and control means. 

7. The apparatus of claim 6 wherein said fault 
15 status indicator (57) includes means for storing a 

fault code disclosing the source of a failure. 

8. The apparatus of claim 1 including a tank 
(12) receiving product gas from the outlets (8,18) of 
said first and second beds (6,16) for smoothing 

20 surges of pressure in the product gas. 

9. The apparatus of claim 1 wherein said con- 
trol means (22) includes means for repetitively 
sensing the ambient pressure and the temperature 
and pressure of the air and for repetitively deter- 

25 mining and altering the adsorption and purging 
intervals. 

10. The apparatus of claim 1 including a filter 
(80) for removing aerosols and particulates from 
the inlet gas mixture. 

30 1 1 . A method of optimizing the production of a 

product gas mixture in a pressure swing apparatus 
including two regenerable sorbent beds from an 
inlet gas mixture from which the sorbent beds 
extract a component to produce the product gas 

35 mixture comprising: 

extracting a component from a pressurized inlet 
gas mixture by passing it through a first sorbent 
bed during an adsorption interval thereby produc- 
ing a product gas mixture; 

40 regenerating a second sorbent bed during the ad- 
sorption interval of the first sorbent bed including 
passing a quantity of the product gas from the first 
sorbent bed through the second sorbent bed in a 
reverse direction during a purging interval while the 

45 second sorbent bed is vented to the ambient; 

alternating the first and second beds between ad- 
sorption and regeneration operations; 
sensing the ambient pressure and the temperature 
and pressure of the pressurized inlet gas mixture; 

50 determining from the sensed ambient pressure and 
the temperature and pressure of the pressurized 
inlet gas mixture and from the sorption characteris- 
tics of the sorbent beds the length of adsorbing 
and purging intervals that optimize the production 

55 of product gas; and 

adjusting the adsorption and purging intervals of 
the first and second sorption beds to the respective 
determined intervals that optimize the production of 
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product gas. 

12. The method of claim 11 including determin- 
ing the length of the adsorption interval by calculat- 
ing from the ambient pressure and the temperature 

and pressure of the pressurized inlet gas mixture 5 
and from the sorption characteristics of the beds, 
an adsorption interval that will produce a product 
gas containing at least a specified minimum partial 
pressure of a desired component, at at least a 
minimum specified flow rate when a regenerating io 
bed is purged with a predetermined quantity of 
product gas exceeding the minimum quantity of the 
product gas required for efficient regeneration, and 
establishing that inten/al as the adsorption interval 
unless it is shorter than the interval required to is 
purge a bed with the predetermined quantity of 
product gas exceeding the minimum quantity of 
product gas required for efficient regeneration. 

13. The method of claim 11 including determin- 
ing the length of the adsorption interval by calculat- 20 
ing from the ambient pressure and the temperature 

and pressure of the pressurized inlet gas mixture 
and from the sorption characteristics of the beds, 
an adsorption interval that will produce a product 
gas containing at least a specified minimum partial 25 
pressure of a desired component, at at least a 
minimum specified flow rate when a regenerating 
bed is purged by a predetermined quantity of prod- 
uct gas substantially equal to the minimum quantity 
of the product gas required for efficient regenera- 30 
tion, and establishing that interval plus a fixed 
duration valve actuation time as the adsorption 
interval unless it is shorter than the interval re- 
quired to purge a bed with the predetermined 
quantity of product gas substantialiy equal to the 35 
minimum quantity of product gas required for effi- 
cient regeneration of the bed and, if shorter, estab- 
lishing the interval required to purge a bed with the 
predetermined quantity of product gas substantially 
equal to the minimum quantity of product gas 40 
required for efficient regeneration as the adsorption 
interval. 

14. The method of claim 11 including repet- 
itively sampling the ambient pressure and the tem- 
perature and pressure of the pressurized inlet gas 46 
mixture and repetitively determining an adsorption 
interval from the sensed temperature and pres- 
sures and the sorption characteristics of the sorp- 
tion beds and repetitively altering the adsorption 
interval when a changed adsorption interval is de- so 
termined. 
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